Burkholderia pseudomallei, the causative agent of melioidosis, contains a cluster of putative genes homologous to those encoding HpaP, HrcQ, HrcR, HrcS and HrpV in the plant pathogen Ralstonia solanacearum. In R. solanacearum, these genes form part of a type I11 secretion-associated pathogenicity island. The order of the genes in B. pseudomallei is directly equivalent to that found in R. solanacearum. The B. 
Introduction
Burkholderia (formerly Pseudomonas) pseudomallei is the causative agent of melioidosis, an often fatal infection endemic in areas of South East Asia and Australia, where it is a major cause of communityacquired septicaemia [ 11. Although some potential virulence factors have been identified, overall knowledge of the pathogenicity of B. pseudomallei is limited. However, a number of its secreted products, including protease, haemolysin, lipase and lecithinase [2, 3] have been linked to virulence.
Pathogenicity islands (PIS), virulence genes found in large contiguous groups, have been identified in several bacterial pathogens [4, 51. In some gramnegative bacteria, PIS have been associated with type I11 secretion systems [4,6, 71, which are made up of a number of proteins homologous with components of flagellum-specific export apparatus, and are involved in delivering virulence factors directly to host cells [4, 6] . In contrast to type I and type I1 secretion systems [8, 9] , type I11 secretion is triggered by a pathogen coming into close contact with host cells [4,6, 101.
Type I11 secretion system-associated PIS have also been characterised in a number of plant pathogens [6, 1 1, 121, including Ralstonia (formerly Burkholderia) solanacearum, the causative agent of bacterial wilt in various crops and plants [ 131. In this organism, five transcription units of the hrp gene cluster (involved in development of the hypersensitive response, HR) are required for the secretion of the HR-inducing protein, PopA1. The nucleotide sequence for the entire region (18 300 bp) of the R. solanacearum strain GMIlOOO hrp gene cluster implicated in the secretion of PopA1 has been reported, including all five transcription units, encoding a total of 20 Hrp proteins [ 131. This study reports the use of a R. solanacearum hrp gene probe to identify, clone and sequence B. pseudomallei genomic DNA with homology to type I11 secretion-associated genes.
cluster of strain GMIlOOO [15] , were provided by Dr M. Arlat and P. Barberis (Laboratoire de Biologie Molbculaire des Relations Plantes-Microorganismes, INRA-CNRS, BP27, 3 1326 Castanet Tolosan Cedex, France).
Construction of gene libraries
Genomic DNA, extracted from B. pseudomallei E503 as described previously [ 161, was employed to construct gene libraries with the SuperCos 1 Cosmid Vector Kit (Stratagene) and the conditions recommended by the supplier.
IdentiJication of cosmid clones homologous to hrp probes
Oligonucleotide primers, obtained from Genosys Biotechnologies (Europe), Cambridge, for PCR amplification were designed with the sequence information available for the hrp locus of R. solanacearum [ 
131.
A combination of the primers BS7 (5'-TGCTCAGC-GATAGGTGTTGACCAG-3') and BS8 (5'-ATTG-CATCCATCGGCAAGCACCA-3') was employed to generate an amplified product of 1010 bp (location 3 106-4 1 16 GenBank Accession no. z 14056) encompassing the whole of hrcR (hrpT) and part of hrcQ (hrpQ). pVir2 cosmid DNA was isolated with a Midipreparation kit (Qiagen); 1 pl of various dilutions of pVir2 DNA was used directly in 25-pl volumes containing 2 units of Dynazyme (Flowgen), 200 n~ of each primer (BS7 and BSS), 1 X Dynazyme buffer and 100 p~ nucleotides (dATP, dCTP, dGTP, dTTP). Amplifications were carried out in a Minicycler (Genetic Research Instrumentation) for 30 cycles consisting of 95°C (1 min), 60°C (1 min) and 72°C (2 min) with an additional extension time at 72°C (10-min) after completion of the 30 cycles. At the end of the amplification, 1 0-pl samples were subjected to electrophoresis on a standard agarose 1.0 % w/v gel to confirm the presence of an amplified product. The 1010-bp amplified product was labelled with digoxigenin-1 1-2'-dUTP (DIG; Boehringer Mannheim) by repeating the PCR reaction with 60 ~U M DIG in a total reaction volume of 50 pl. The labelled product was used as a probe to identify homologous gene-containing clones from a B. pseudomallei E503 gene library. The presence of DIG on colony blots was detected by anti-DIG-AP Fab fragments and the chemiluminescent substrate CDP-Star (Boehringer Mannheim) in the procedure recommended by the supplier.
Subcloning of hybridising genomic regions
Cosmid DNA was isolated with a Midi-preparation kit (Qiagen) and subjected to restriction endonuclease (Helena Biosciences) digestion and agarose (0.7% w/v) gel electrophoresis by standard procedures. Smaller hybridising fragments, identified by Southern blot analysis of digested cosmid clones, were subcloned into the plasmid vector pUC 19 (Helena Biosciences). 
Accession number
The 4490-bp B. pseudomallei nucleotide sequence reported in this study has been lodged under the GenBank accession number AF042488.
Results

Identgcation of cosmid clones containing putative type III secretion genes
With a DIG-labelled PCR-amplified product as a probe, it was possible to identify B. pseudomallei E503 cosmid clones showing strong homology to the region of the R. solanacearum GMIlOOO genome encoding HrcR and part of HrcQ. To locate the hybridising region more accurately, DNA was isolated from one representative hybridising cosmid clone, digested with several restriction endonucleases (including SaZI and PstI) and probed by Southern blot hybridisation.
Nucleic acid and predicted protein sequence comparisons
Hybridising fragments of B. pseudomallei E503 genomic DNA of 2.6 kb (generated with SalI) and c. 3.0 kb (generated with PstI ) were subcloned into pUC19 and subjected to DNA sequencing (Fig. 1) . The overlapping fragments enabled a nucleotide sequence of 4490 bp to be determined. A database comparison indicated that by far the best homology for this sequence was to regions of the R. solanacearum type I11 secretion-associated PI secretion system, and that the genes were clustered in the same order [13] . Gijsegem et al. [13] . In the SctR homologues, all but one of the four predicted transmembrane regions were in highly conserved regions of the protein (Fig. 2a , Table  1 ). The SctS homologues contained two predicted transmembrane regions separated by a short hydrophilic region (Fig. 2b , Table 1 ).
The predicted protein sequences for the other three putative B. pseudomallei proteins were aligned with their R. solanacearum homologues (Fig. 3) . Predicted features and sequence similarity/identity measurements for all the proteins are presented in Table 1 .
Comparison of the B. pseudomallei HpaP homologue sequence against protein databases confirmed that by far the best homology was with R. solanacearum Hpal? The HpaP protein of R. solanacearum is unusually rich in proline (15% of total amino acid residues), a feature that may be important in tertiary structure [20] . The B. pseudomallei HpaP homologue contained 22 proline residues (9.7%), making it the third most frequent residue. SctQ homologues exhibit homology only at the C-terminal region [13] , making comparisons of the whole protein difficult. Alignment of the last 80 C-terminal residues of B. pseudomallei SctQ and R. solanacearum HrcQ reveals 72.5% similarity and 42.5% identity (Fig. 3) . The putative HrpV homologue is the least conserved of the B. pseudomallei predicted protein sequences, but its hydrophobicity profile, PI and Mr are similar to R. solanacearum HrpV ( average G + C content is also found in the hrcR gene of R. solanacearum (64.4%). Fig. 1 demonstrates the variation in G + C content, and the correlation with conservation between B. pseudomallei and R. solanacearum throughout the gene cluster. In many organ-(4 .... isms, the G + C mol% content of the type I11 secretion system genes has been reported to be lower than the mean genomic value, suggesting that the ancestral type I11 secretion system genes may have evolved in a low G + C mol% host [6] . Recently, a type I11 secretion system was identified in chlamydia [28] , a potential candidate for such a role. In the B. pseudomallei gene cluster, the G + C mol% content is lower in those areas with the greatest degree of conservation (Fig. 1) .
. T R I G E L E L~V Q F E I D T V~L P I D Q L S A L E P G Y V I E
Although it is believed that type I11 secretion systems are acquired in intact genetic blocks, considerable degrees of variation in conservation of proteins have been observed [6] . There are a number of examples, in type I11 secretion systems, where genes are conserved in relative location whilst exhibiting low sequence homologies [6] . Whilst SctQ, SctR and SctS homologues are found in all type I11 secretion systems, HpaP and HprV homologues are restricted to a group including R. solanacearum, B. pseudomallei, and in the case of HpaP, X campestris. Furthermore, the protein homologies exhibited by these proteins (not thought to be integral membraneassociated components of the type I11 secretion structure) are far lower than for SctQ (C-terminal region), SctR or SctS, despite their positional conservation. This variation is consistent with the idea that certain proteins have undergone greater evolutionary change than others, with possible roles specific to individual secreted proteins or adaptation to different hosts, and with the higher G + C mol% content, more typical of Burkholderia, observed in the less conserved regions.
In R. solanacearum, a gap between HpaP and HrcQ (HrpQ) coding regions defines the beginning of transcription unit 4, although the exact location of a promoter is not known [ 131. In B. pseudomallei, the presence of a putative ribosome binding-site (AGGA) has been used to identify the probable start codon. Although no promoter sequence has been identified, the gap between the fist and second ORFs in B. pseudomallei (Fig. 1) . Type I11 secretion systems have been widely identified as playing an essential role in interactions between bacterial pathogens and their hosts. Therefore, the presence of a type I11 secretion system gene cluster in B. pseudomallei is indicative of some role in the pathogenicity of this organism. The sequence data reported in this study will allow the production of specifically targeted mutants and demonstration of the importance of the gene cluster in pathogenicity by the use of animal models. Hardt and Galan [35] reported a type IIIsecreted salmonella protein with homology to an avirulence determinant of the plant pathogen X campestris. The identification of B. pseudomallei secreted proteins will make it possible to determine any similar relationships between B. pseudomallei and R. solanacearum proteins.
It has been suggested that specific components of type I11 secretion systems could be targeted in order to inhibit the delivery of virulence factors to plant pathogens [ 1 11. Given the widespread emergence of studies indicating the importance of type I11 secretion systems in human bacterial pathogens, this intriguing possibility should not be discounted as a future therapeutic goal in man.
